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Abstract 

Two  types  of  highly  efficient  transducer  arrays 
are  described  which  couple  acoustic  energy  into  the 
saaples  Inaged  In  nondestructive  testing  applica- 
tions. The  first  type  of  array  utilizes  fully  slot- 
ted, double  quarter-wave  natched  elements  to  couple 
the  acoustic  energy  from  the  high  laipedance  ceramic 
to  water,  which  Is  used  as  the  transmitting  medium. 
One  Such  180  element  linear  array  operating  at  a 
center  frequency  of  3.5  ifiz  has  11  dB  return  loss, 
45Z  3 dB  bandwidth,  and  ±13*  3 dB  acceptance  angle. 
Experimental  results  with  an  improved  double  quar- 
ter-wave matched,  fully  slotted  array  are  described 
Including  9 dB  return  loss,  65Z  3 dB  bandwidth,  and 
±44*  3 dB  acceptance  angle. 

A second  type  of  high  efficiency  array  uses  un- 
slotted ceramic  permanently  attached  to  a high  Im- 
pedance buffer  block  which  Is  coupled  directly  to 
Che  load.  Individual  array  elements  are  formed  by 
deposition  of  electrodes  on  the  monolithic  slab  of 
ceramic.  One  longitudinal  wave  test  array  mounted 
on  aluminum  Is  reported  with  a half  power  beamwldth 
of  ±37*. 


I.  Introduction 


lie  development  of  two  types  of  transducer 
arrays  for  use  In  a synthetic  aperture  digital 
acoustic  Imaging  system  Is  described  In  this  paper.* 
One  type  of  array  using  narrow' slotted  piezoelectric 
elements  Is  most  suitable  when  the  acoustic  imped- 
ance of  the  load  medium  is  low  with  respect  to  that 
of  the  piezoelectric  ceraadc.  A second  type  of 
array  of  monolithic  construction  is  useful  when  the 
acoustic  Impedance  of  the  load  medium  is  similar  Co 
that  of  the  ceramic,  as  would  be  useful  for  a con- 
tacting transducer  for  nondestructive  testing  of 
metals  and  ceramics.  Xhd  theory  of  operation  of 
both  types  of  arrays't^s  been  described  In  previous 
papers.*  • ' 

The  synthetic  a|pertOre  imaging  system  requires 
very  high  transduction  eft^lency  and  bandwidth,  so 
double  quarter-wave  matching  layers  to  a water  load 
were  employed  In  Che  slotted  array  design.  The 
transducer  elements  and  layers  are  all  slotted  to 
minimize  acoustic  cross-coupling  between  elements 
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and  thus  achieve  as  broad  an  angular  beamwldcb 
from  each  element  as  possible.  The  design  and 
characteristics  of  a 180  element  double  quarter- 
wave  matched  array  will  be  discussed.  This  array 
has  11  dB  return  loss  and  operates  In  the  2.7 -4.3 
MHz  frequency  range  with  concommltant  5 half  cycle 
Impulse  response.  The  angular  3 dB  beamwldth  Is 
only  ±13*,  however.  Results  with  a test  array  de- 
signed for  more  optimal  response  will  be  shown. 

This  array  has  an  angular  beamwldth  of  ±44*,  65Z 
bandwidth,  and  9 dB  return  loss  response. 

Monolithic  arrays  have  been  constructed  by 
depositing  metal  electrodes,  by  standard  photo- 
lithographic techniques,  onto  a slab  of  piezo- 
electric ceramic.*  Acoustic  matching  techniques, 
either  using  quarter-wave  layers  or  a lossy  back- 
ing, yield  broad  bandwidth  arrays.  However,  the 
beam  pattern  from  an  individual  element  is  too 
narrow  and  aonuaiform  for  use  In  most  Imaging  sys- 
tems when  loaded  with  a low  impedance  medium  like 
water.*  In  the  case  where  high  Impedance,  high 
velocity  loads,  like  steel  or  ceraid.cs,  are  to  be 
Imaged,  monolithic  arrays  can  be  quite  useful.  By 
coupling  a ceramic  slab  directly  to  the  sasiple,  or 
alternatively,  through  a buffer  medium,  excellent 
array  characteristics  can  be  obtained.  High  effi- 
ciency and  broad  bandwidth  are  obtained  since  the 
array  Is  well  aiatched  acoustically  by  the  sample  or 
the  buffer  medium.  No  backing  Is  employed.  Broad, 
uniform  beam  patterns  are  obtained  since  the  longi- 
tudinal velocity  Bwtch  between  the  load  and  the 
ceraadc  Is  good  and  high  angle  longitudinal  wave 
critical  angles  are  obtained.  In  fact.  If  the 
longitudinal  velocity  of  the  load  is  greater  than 
that  of  the  ceramic,  which  would  usually  be  the 
case  la  practice,  there  Is  no  longitudinal  criti- 
cal angle.  Test  results  with  a monolithic  longi- 
tudinal wave  array  mounted  on  an  aluminum  sample 
will  be  presented.  A 3 dB  angular  beamwldth  of 
±37*  has  been  obtained  by  this  technique.  This 
type  of  array  should  prove  to  be  useful  In  non- 
destructive testing  applications.  Shear  wave 
monolithic  arrays  could  also  be  constructed  by 
employing  cerasdc  with  the  poling  axis  along  the 
element  axis. 


II.  Slotted  Double  Quarter-Wave  Matched 
Transducer  Arrays 

In  order  to  achieve  the  desired  trameducer 
array  characteristics,  that  la,  array  elements 
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vith  high  cfClcleiicy,  short  durstioa  latpuls*  r«" 
spottM,  and  broad  angular  baawldch,  quartar-^va 
acoustic  Mtchlng  tachnlquaa*  vara  uaad  In  conjunc- 
tion vltb  tall,  narrow,  plasoolactrle  earanlc  ala- 
■anta.*  Propar  application  of  quartar-wava  acoustic 
■atchlng  allows  highly  officiant  transduction  of 
acoustic  anargy  into  tha  low  Iwpadanca  load  aadlua, 
typically  water  (Z  - 1.5x10*  li^B*-aae),  froa  tha 
hlfh  acoustic  lapadancs  PZT-SA  caraalc  (Z  • 29.7  x 
10*)  ovar  octavo  frequency  bandwtdths.  Short  dura- 
tion inpulaa  raaponaa,  which  la  aaaontlal  for  good 
range  resolution,  la  obtained  by  daalgnlng  tha 
transducer  to  achieve  as  nearly  as  possible  a 
Causslaa-shaped  paasband.*  UaMnCa  with  a halght- 
to-wldth  ratio  on  the  order  of  two-to-one  allow 
the  excitation  of  a pura,  plston-llka  extanaional 
■ode  with  a vary  high  aleefroaechaalcal  coupling 
coefficient  (fc*  ~ 0.47  for  PZT-SA).*  Broad  angular 
beaawldth  la  achieved  by  using  narrow  eleaenta  and 
by  reducing  tha  aleaent-to-aleaant  cross-coupling 
to  e.  nlnlnuB. 

With  these  characteristics  In  Bind,  a 180- 
eleaent  quartar-wava  aatchad  array  was  designed 
and  built  to  operate  with  fuUy-alottad  eleaenta  at 
a 3.8  MBs  center  frequency.  Pig.  1.  Tha  array  was 
fabricated  by  epoxylng  a 0.46  aw  thick  x lO  cf 
long  X l.ZS  cB  wide  sUb  of  P7T-5A  with  2000  A thick 
chroBa  nickel  electrodes  to  0.30S  aoxio  cbx1.16cb 
place  of  borosUlcate  glass,  which  forwad  the  first 
Batching  layer.  The  extra  width  of  PZT-SA  was  In- 
cluded In  order  to  nake  electrical  connaccloa. 

This  slab  was  then  bonded  to  a barking  of  silicon 
carbide  loaded  epoxy  (Z  ••  9.4  x 10*)  forasd  Into  a 
long  wedge  shape  (6.35  cm  x 1.27  ca)  with  a lossy  . 
flexible  epoxy  coat  around  the  edge  to  elialnate 
reflected  signals  from  the  backing.  Electrical 
connection  was  nqde  with  0.02S  mm  thick  brass  leads, 
0.2S  ns  wide  on  O.Sl  nra  centers  soldered  to  both 
edges  of  the  ceramic.  A 0.10  am  thick  piece  of 
Dow  332  epo]^  was  then  cast  onto  the  front  of  the 
glass  to  nake  the  outer  quarter-wave  plate.  Fig.  1. 
The  electrical  connections  were  brought  down  the 
aides  of  the  backing  by  leads  on  printed  circuit 
boards.  . The  Individual  eleawnts  were  cut  with  a 
0.15  SB  disBond  saw  blade.  With  a 0.20  bb  saw  kerf 
the  eleaenta  were  0.305  ma  wide  on  0.51  bb  centers. 
These  elcaents  were  0.05  as  wider  than  expected, 
which  had  some  deleterious  effects  on  the  response 
of  the  array.  For  this  reason,  the  slotted  epoxy 
matching  section  BK>de-hopped  to  a higher  order  aK>de 
which  affected  the  Impedance  matching  property  of 
the  section.  Therefore,  an  additional  0.10  sa 
thick  layer  of  epoxy  was  glued  onto  the  face  of 
the  array  so  that  the  total  thickness  of  the  epoxy 
was  0.2  an. 

The  addition  of  the  extra  layer  of  epoxy 
smoothed  out  the  frequency  response  of  the  elements. 
The  match  between  theory  and  experiment  Is  not  good, 
especially  at  the  high  frequency  end  where  the 
theory  does  'not  predict  the  low  radiation  resis- 
tance observed  In  the  experimental  data.  The  com- 
plicated nature  of  the  modes  excited  In  the  slot- 
ted epoxy  matching  section  precludes  a better  pre- 
diction of  the  transducer  charactorlstlcs.  How- 
ever, the  smooth  frequency  response  of  the  element 
does  yield  a short  duration  Impulse  response,  and 
the  insertion  loss  Is  low.  In  addition,  before 


this  layer  was  attached,  a mixture  of  highly  ab- 
sorptive silicon  carbide  loaded  polyurethane  Was 
vacuum  Impregnated  Into  the  grooves  between  the 
array  elements.  This  measure  served  to  damp  out 
the  lateral  resonance  of  the  transducer  elesMnts 
which  resulted  from  their  excess  width.  It  also 
gava  greater  structural  rigidity  to  tha  array. 


FICORE  1.  Schematic  showing  details  of  construc- 
tion of  180  element,  double  quarter- 
wave  matched  slotted  array. 


The  Insertion  loss  of  the  transducer  array 
elements  was  determined  by  first  connecting  14 
elements  In  parallel  (to  eliminate  the  diffrac- 
tion loss  In  the  following  reflection  mode  experi- 
ment). This  procedure  gave  an  Input  Impedance  of 
52  ohais  at  -45*  Masured  at  3.5  MHs  permitting 
Batching  to  a SO-ohm  generator.  The  transmitted 
signal  was  reflected  off  an  air-water  interface 
approximately  0.5  cm  away,  and  the  received  signal 
measured  with  a high  impedance  probe.  The  total 
14-elemenc  length  was  0.7  cm  making  the  path 
length  in  water  well  within  the  Fresnel  tone  (ap- 
proxlBstely  10  cm  In  this  case). 

The  round-trip  Insertion  loss  as  a function 
■ of  frequency  Is  shown  In  Fig.  2.  Its  maximum  value 
Is  11  dB  at  3.85  MBs  when  an  addltlimal  2.2  dB  was 
Subtracted  from  the  experimental  data  to  account 
for  the  reflected  signal  which  was  Incident  upon 
the  gaps  between  the  elements.  The  bandwidth  be- 
tween 3 dB  points  was  45Z.  For  coatparlson,  the 
theoretical  insertion  loss  of  an  element  Is.  shown 
In  Fig.  2.  The  theoretical  case  shows  6 dB  round- 
trip  Insertion  loss  and  an  82Z  3 dB  bandwidth. 

This  extra  5 dB  loss  In  the  experimental  data  has 
not  been  explained. 

Since  each  transducer  element  has  a very  high 
Impedance,  750  ohms.  It  Is  necessary  to  transformer 
match  Into  a 50-ohm  cable.  Transformers  were  wound 
with  an  8t31  turns  ratio  on  high  permsablllty  fer- 
rite cores  (Indiana  General  7704)  so  that  the  Im- 
pedance of  an  element  was  50  ohn  at  3.5  Mix.  The 
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transforiMrs  t«k«  SO'V  lapulSM  on  th*  priaacy 
without  saturation.  Tha  largo  nuabor  of  turns  was 
nocoasary  to  Ineraaso  tha  paraaltle  parallal  Induc- 
tance and  reslstanca  In  tha  transforaer  to  large 
enough  values  so  that  they  had  alnlaal  effects  on 
the  bandshapa  and  Insertion  loss  of  the  eleaanta. 
This  Introducas  a slight  tuning  affect  which  lowers 
tha  Insertion  loss  by  a aaall  aaount. 
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This  was  done  to  elladnate  the  lateral  resonance 
seen  In  the  180  eleaent  array  and  to  allow  the 
epoxy  quarter-wave  section  to  be  narrow  enough  to 
function  properly.  Many  technological  changes 
ware  Introduced  In  the  design  to  laprove  tha  ease 
of  construction.  PZT-5R  ceraalc  with  Its  high  di- 
electric constant  (ISOSe^)  was  used  as  the  active 
■atarlal  to  keep  the  electrical  impedance  as  low 
as  possible.  Tha  circuit  boards  were  beveled  so 
that  direct  Indlia  solder  connections  could  be 
•ada  between  the  ceraalc  and  the  leads  on  the  PC 
board,  ellalnatlng  the  brass  eonbs  used  previously, 
The  backing  was  cast  in  place  onto  the  ceraalc 
ellalnatlng  the  need  to  aake  a thin  eposcy  bond  be- 
tween the  ceraalc  and  the  backing. 


0.5  1.0  I. 

NORMALIZED  FREQUENCY 


FIGURE  2.  Coaparison  of  theoretical  with  expcrl- 
aental  round-trip  insertion  loss  of  14 
eleaents  connected  in  parallel  of  180 
eleaent  array.  Element  slae  Is  0.46  ai 
hlghx  0.30S  am  wldex  1.25  ca  long. 
Class  quarter-wave  plate  la  0.305  na 
high.  Total  epoxy  thickness  Is  0.20  m 


The  lapulse  responses  of  32  lapedance  aatched 
elements  were  measured  by  reflecting  a signal  oft 
a thin  ,0.18  tm  dlasMtcr  wire  target  and  are  shown 
in  Fig.  3.  The  excitation  was  a 0.17  pscc  wide 
square  pulse.  A 3.5  MHz  5 half-cycle  lapulse  re- 
sponse, consistent  with  the  aeesured  45Z  bandwidth 
was  observed  for  each  of  the  connected  32  eleaents 
which  are  observed  to  have  a very  uniform  response 


The  ceraalc,  0.476  an  thlckx  1.27  ca  wide  x 
3.2  ca  long,  was  epoxlad  to  a glass  slab  0.305  an 
thlckx  1.19  ca  wldex3.2  ca  long  as  done  previously, 
A 5.7  ca  deep  silicon  carbide/ epoxy  backing 
(Z  ••  8.7  X 10*  kg/a* -sac)  was  cast  onto  the  back  of 
the  ceraalc  by  vacuum  impregnation.  A beveled  cir- 
cuit board  was  glued  to  one  side  of  tke  backing  and 
Indlua  solder  was  used  to  make  connection  to  the 
ceraalc.  Epoxy  0.109  aa  thick  was  then  cast  onto 
the  front  of  the  glass  as  was  done  previously.  A 
0.254  ma  wide  dlaaond  saw  was  used  to  dice  the 
array  on  0.508  na  centers.  Eleaents  0.180  an  wide 
were  obtained  In  this  aannar.  A 0.0127  aa  thick 
Mylar  sheet  was  vacuum  suctioned  onto  the  front  of 
the  array  using  ethylena  glycol  as  a couplant.  A 
8:30  turn  transforaer  was  used  to  match  the  elec- 
trical lapedance  to  50(1. 


The  angular  acceptance  of  a single  li^edance 
aatched  eleaent  was  measured  by  rotating  the  array 
about  the  long  axis  of  the  eleaent  while  Insonifled 
by  plane  waves  from  a tranaalttlng  transducer.  Ac- 
ceptance angles  were  measured  over  a range  of  fre- 
quencies and  were  much  lower  than  expected,  ranging 
from  ±24*  at  2.5  MHz  to  only  ±6.5*  at  4 MHz.  The 
expected  values  calculated  from  a simple  sin  x/x 
response  where  x • (ird  sln0)/X  were  ±61*  and  ±31* 
respectively.  The  low  acceptance  angles  were  at- 
tributed to  acoustic  cross-coupling  In  the  unslot- 
ted epoxy  matching  section/face  plate.  In  the  back- 
ii:g  and  In  the  urethane  material  between  the  ele- 
aents. Nevertheless,  the  array  has  yielded  excel- 
lent results  la  a synthetic  aperture  imaging  sys- 
tem. 


Excellent  results  were  obtained  with  this  de- 
sign. The  electrical  lapedance  of  aa  unmatched 
eleaent  Is  shown  la  comparison  to  the  theory  in 
Fig.  4.  Fairly  good  agreement  between  experlaent 
and  theory  la  obtained,  and  no  lateral  resonance 
la  observed  for  these  very  narrow  eleaents.  There 


In  order  to  obtain  a better  angular  response, 
a test  array  was  built  with  much  narrower  eleaents. 


Is  s lOZ  down  shift  fro*  Ch«  Chsory  of  th*  lapsd- 
sncs  at  th*  high  frsquoncy  ondt  vhlch  Is  as  yat  ua- 
sxplalnad.  This  could  b«  tha  offset  of  th*  ehaot* 
In  tha  affcctlva  load  Ispadanc*  fro*  tha  longitu- 
dinal plana  wav*  ii^adane*  idiieh  is  not  aceountad 
for  in  tha  thaory.* 


FIGURE  4.  Coaqwrison  of  thaoratlcal  and  expari- 
■antal  alectrical  lapadanea  of  one  alemant  of 
doubl*  quartar-wava  test  array.  Eleaant  dioen- 
sions  ara  0.476  bbxO.16  saaxi.y?  ca.  Glass 
thlcfcnass  is  0.305  an.  Epoxy  thickness  is 
0.109  an.  Ifylar  face  plate  is  0.0127  an  thick. 

The  angular  acceptance  was  measured  as  before 
at  3.5,  4,  and  4.5  MHz  and  such  wider  angular  band- 
widths  than  in  the  previous  array  were  observed  as 
can  be  seen  in  Fig.  5.  The  3 dB  acceptance  angles' 
were  144*  at  3.5  MHz.  134*  at  4.0  MHz,  and  137*  at 
4.5  MHz.  Thinner  eleawnts  and  the  lack  of  a thick 
full  face  layer  on  the  front  of  the  array  helped 
bring  about  these  results.  Thus,  the  construction 
of  efflciant,  broadband,  high  angular  acceptance, 
slotted  array  elements  has  been  demonstrated. 


The  round  trip  insertion  loss  of  a aingl* 
aatchad  aleaent  is  shown  coaparad  to  theory  in 
Fig.  6.  The  data  was  taken  by  exciting  the  ele- 
aent  with  an  RF  ton*  burat  and  raflacting  th*  aig- 
nat  off  an  alr-watar  interface  4.58  aa  away  froa 
th*  aleaant.  Th*  data  was  corrected  for  far  field 
diffraction  apreading  by  calculating  tha  directiv- 
ity of  tha  radiation.  This  was  don*  by  aessuring 
th*  baaa  pattarm  of  th*  aleaent  and  intagrating 
under  th*  curv*.  Th*  diffraction  loss,  r|  , la 
than 

- - s /V"  <« 

in  • 

^*r*  d is  tha  width  of  th*  aleaent,  Z is  th* 
reflector-eleaant  distanca,  1(6)  is  Che  radiated 
power  as  a function  of  angle,  and  is  tha  radi- 
ated power  at  0*.  The  measured,  corrected  Inser- 
tion loss  is  9 dB  at  3 MHz  compared  to  the  theo- 
retical 6 dB.  The  3 dB  bandwidth  is  65Z  which 
coapares  well  to  the  theoretical  66X. 


NORaaLIZEO  FREOUCNCr 


FIGURE  6.  Comparison  of  thaoratlcal  and  experi- 
aental  insertion  loss  of  on*  eleaMnC  of  same 
test  array  as  in  Fig.  4. 

The  impulse  response  is  shown  in  Fig.  7 and 
shows  excellent  agreesMnt  with  th*  theoretical 
prediction.  This  data  was  taken  by  exciting  th* 
transducer  elesant  with  a 50  V short  puls*  and  re- 
flecting the  signal  off  an  air-water  interface 
4.58  mm  away.  The  basic  1-1/2  cycle  response  is 
seen,  but  additional  ringing  ia  observed  after  Che 
main  response.  This  is  mainly  a result  of  too 
square  a bandshape  and  could  be  iziproved  with  the 
use  of  a lower  Impedance  material  for  th*  second 
quarter-wave  plate,  a higher  Impedance  material 
for  the  first  quarter-wave  plate,  or  possibly  a 
higher  Impadance  backing  at  the  cost  of  increased 
insertion  loss. 


FIGURE  5.  Comparison  of  theoretical  and  experi- 
mental angular  acceptance  of  one  element  of 
same  test  array  as  in  Fig.  4 at  3.5  MHz. 
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EXPERIMENTAL 


ricon  7.  Coaparlaon  of  ehaotatical  and  axparl- 
■antal  lapolaa  raaponaa  of  ona  alanant  of  aaa 
taat  array  aa  In  Fit.  4. 


« ' 

ZXI.  Caraaic  on  Matal  Honolltbic  Arraya 

I 

Aa  Inportant  application  of  noaelithie  trana- 
dncar  arraya  liaa  in  Cha  aroa  of  nondaatrueeiva 
tooting.  In  thia  caaa,  inagaa  of  flam  can  ba  pro* 
ihicad  by  diraetly  coupling  tha  acouatie  .onargy 
ganaratad  by  tha  tranadueara  into  tha  aanpla  to  ba 
inagad  Inataad  of  ualng  an  intacvaning  low  Inpad- 
anca  coupling  nodlun  Ilka  watar.  A longitudinal 
or  dhaar  mva  array  of  high  inpadanca  caranic  lika 
land  aireonata  titanata  can  ba  diraetly  eouplad 
into  a high  inpadanca  aanpla  or  attachad  to  a 
buffer  notarial  which  la  then  diraetly  coupled  to 
tha  aanpla.  Tha  advantage  of  thla  technique  la 
two-fold.  Flrat.  a high  afflclancy,  broad  band- 
width array  can  ba  aaaily  produced  without  tha  uaa 
•f  quartar-wava  notching  layaro.  Alao,  ainca  tha 
acouotlc  valocitiaa  of  theaa  natariala  are  aa 
largo  or  larger  than  thoaa  of  the  tranaducer  na- 
tarlal,  there  are  no  longltudinal-longlcudloal  or 
ahaar-ahnar  critical  anglea,  thua  allowing  broad, 
wnlfotn  apatlal  fraquaney  raaponaaa  for  nonollthic 
arany  elananta. 


To  danonatrate  the  uae  of  nonollthic  arraya 
for  thia  purpoao,  a longitudinal  nonollthic  array 
ma  eonatrueted  by  epoxying  a alab  of  P2T-SA 
eeraaic  onto  an  alualnun  buffer  block.  Theoreti- 
cal eurvaa  mre  conputad  and  conpared  to  axpari- 
nental  valuaa  for  tha  aane  configuration.  Tha  ax- 
parlnantal  data  mre  taken  by  epoxying  a 1.27  cnx 
0.79  an  alab  of  PZT-SA  caraaic  onto  the  edge  of  an 
alualnun  plate  S cn  thick.  Sixty  array  elananta 
mre  defined  on  tha  caraaic  by  etching  amy  a 1 laa 
thick  Cr-Au  flla  on  the  top  aorfaca  of  tha  caraaic. 
Tha  elananta  mre  0.51  na  wide  x 1.143  ca  long, 
and  tha  area  around  tha  elananta  ma  laft  comrad 
with  gold  and  groundad  to  fom  a ahiald.  Tha 
radiation  pattam  of  the  canter  alenent  wna  detar- 
nlnad  by  naebtning  tha  plate  in  a cylindrical  aur- 
faca  of  7.62  cn  radiua  around  tha  cantar  of  tha 
array.  A 1.90  ca  dlanatar,  2 MBs  thin  diac 
tran^ucar  ma  bonded  to  a block  of  alualnun  with 
a front  aorfaca  mtchlng  that  of  the  plate.  Tha 
angular  reaponaa  ma  aaaily  checked  by  noving  tha 
trananittlng  plana  mva  tranaducer  around  tha 
aurfaea  and  receiving  tha  algnal  with  tha  cantar 
nonollthic  array  alanent  aa  a function  of  angle. 

Tha  angular  raaponaea  for  f ~ Tq  la  ahom  la 
Fig.  0 and  conpared  to  theory.  Encallaat  ngraa- 
nent  batman  theory  and  axperinant  is  danon- 
atratad  la  thia  figure,  and  an  accaptanca  angla 
of  S37*  la  ahom.  Little  avldance  of  excitation 
of  ahear  wavea  ia  aaen,  although  the  anall  paaka 
at  140*  could  ba  caoaad  by  thia  affect. 


FtCUKE  8.  Conpariaon  of  thmratical  and  ei^arl- 
nental  angular  accaptanca  of  ona  alanant  of 
60  alenent  nonollthic  taat  array  at  f^*  2.75 
IBs.  Plasoalaetrlc  caranic  ia  PZT-SA;  load 
la  altminun.  Elenant  width  ia  0.508  an. 


Aa  can  ba  aaan  fron  Fig.  8,  axcallant  nono- 
llthic  tranaducer  arraya  can  ba  conatcuctad  for 
thia  Inportant  area  of  application  in  nonda- 
atructlva  tooting.  Tha  axcallant  Inpadanca 
natch  batman  natala  and  plasoalaetrlc  caranlca 
allom  tha  alnple  construction  of  axtranaly 
efficient  tranaducer  arrays  with  50  to  lOOZ 
bandwidtha  depending  on  tha  exact  ptopartim  of 
tha  natal  and  caranic  used.  In  addition,  broad 
and  unifom  spatial  fkequaney  raaponaaa  are 
autonatlcally  obtained  ainca  critical  angla 
phanonana  ara  allnlnatad.  Monolithic  arraya 
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•hould  bncoan  an  Inportaat  part  of  futura  noa- 
daatructlva  taatlng  iaaglng  ayataaa. 


IV.  Conclusion 

Tho  conacructloa  of  broadband,  wlda  accaptanca 
aagla,  hlthly  officiant  alottod  arrays  for  oxclclng 
wvaa  In  watar  haa  boon  daaoastratnd.  Broadband 
wlda  sccoptanea  aagla  ■onollchic  carawlc  arrays 
caa  also  ba  usad  to  wwlta  waraa  la  high  Inpad- 
aaca  aatarlala.  Hoaollthlc  PVFg  arraya  night  ba 
sapactcd  to  ba  uaad  to  axclta  wavaa  la  watar  ba- 
eauaa  of  tha  ralatlvaly  good  natch  batwaaa  PVFj 
and  watar. 
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